Background-Arrhythmogenic ventricular remodeling is hallmarked by both reduced gap junction expression and increased collagen deposition. We hypothesized that reduced connexin43 (Cx43) expression is responsible for enhanced fibrosis in the remodeled heart, resulting in an arrhythmogenic substrate. Therefore, we investigated the effect of normal or reduced Cx43 expression on the formation of fibrosis in a physiological (aging) and pathophysiological (transverse aortic constriction [TAC]) mouse model. Methods and Results-The Cx43 fl/fl and Cx43 CreER(T)/fl mice were aged 18 to 21 months or, at the age of 3 months, either TAC or sham operated and euthanized after 16 weeks. Epicardial activation mapping of the right and left ventricles was performed on Langendorff perfused hearts. Sustained ventricular arrhythmias were induced in 0 of 11 aged Cx43 fl/fl and 10 of 15 Cx43 Cre-ER(T)/fl mice (PϽ0.01). Cx43 expression was reduced by half in aged Cx43 CreER(T)/fl compared with aged Cx43 fl/fl mice, whereas collagen deposition was significantly increased from 1.1Ϯ0.2% to 7.4Ϯ1.3%. Aged Cx43 CreER(T)/fl mice with arrhythmias had significantly higher levels of fibrosis and conduction heterogeneity than aged Cx43 CreER(T)/fl mice without arrhythmias. The TAC operation significantly increased fibrosis in control compared with sham (4.0Ϯ1.2% versus 0.4Ϯ0.06%), but this increase was significantly higher in Cx43 CreER(T)/fl mice (10.8Ϯ1.4%). Discoidin domain receptor 2 expression was unchanged, but procollagen peptide I and III expression and collagen type 1␣2 mRNA levels were higher in TAC-operated Cx43HZ mice. Conclusions-Reduced cellular coupling results in more excessive collagen deposition during aging or pressure overload in mice due to enhanced fibroblast activity, leading to increased conduction in homogeneity and proarrhythmia. (Circ Arrhythm Electrophysiol. 2012;5:380-390.) The online-only Data Supplement is available at http://circep.ahajournals.org/lookup/suppl/
I n the heart, the highly orchestrated propagation of the electric impulse balances on the delicate interplay between excitability, cell-to-cell coupling, and architecture of myocardial tissue. An important aspect of the myocardial architecture is interstitial collagen (fibrosis), which, together with connexin43 (Cx43), determines cell-to-cell coupling in ventricular myocardium. Under normal physiological conditions, the amount of collagen between the cardiomyocytes is low (Ͻ1% of total tissue volume) but contributes to the structural organization of the heart and the anisotropic character of impulse propagation. We recently showed that, in senescent mouse hearts, collagen content was increased (200%) and Cx43 expression was decreased (50%), changes that were associated with increased inducibility of ventricular tachycardias. 1 On the other hand, when the excessive deposition of fibrosis was prevented through long-term inhibi-tion of the renin-angiotensin-aldosterone system, the normal pattern of Cx43 expression was preserved and arrhythmia vulnerability was strongly reduced. 2 
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In addition to those observations during physiological aging, a decreased Cx43 expression, in concert with increased collagen content (interstitial and reactive fibrosis), is also found under various pathophysiological conditions. [3] [4] [5] [6] [7] [8] These alterations have impaired conduction velocity (CV) of the cardiac impulse, by increasing the anisotropic ratio and heterogeneity of conduction. In concert, this predisposes the vulnerable heart to an increased risk for fatal arrhythmias that may partly account for the high incidence of sudden cardiac death in patients with remodeled hearts. 9 -11 Up until now, it was unknown if, and if so how, increased collagen deposition and the accompanied decrease in Cx43 expression are related. In arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C), decreased Cx43 levels are found already in the early stages, whereas fibrosis becomes more abundant during the progression of the disease. 12, 13 This suggests a possible role of reduced Cx43 expression levels in the deposition of collagen in vulnerable hearts. A supportive recent in vitro study 14 suggested increased proliferation of cardiac fibroblasts, the primary source of cells responsible for production of interstitial collagen, once the intercellular communication was inhibited.
Other studies suggest a possible role for the interplay between decreased Cx43 expression and increased collagen content in arrhythmia vulnerability. In adult mice (aged 12-17 months), interstitial fibrosis increased, but Cx43 expression was similar compared with young (aged 3-4 months) animals. 15 Despite increased collagen content, arrhythmias could not be induced in the adult hearts. Another study 16 showed that arrhythmias could not be induced in hearts without fibrosis but with reduced (50%) Cx43 expression. These data suggest that a combination of reduced Cx43 expression and increased collagen content is required to increase arrhythmogenicity.
In the present study, we hypothesized the following: (1) reduced Cx43 expression triggers enhanced fibrosis in the pathologically and physiologically remodeled heart and (2) the combination of excessive fibrosis and reduced Cx43 levels results in impaired cardiac impulse conduction and a high arrhythmia susceptibility. To investigate the potential role of reduced Cx43 expression in triggering collagen deposition in hearts under physiological and pathophysiological conditions, an aged (physiological model 1) and a transverse aortic constriction (TAC)-operated mouse model (pathophysiologic model 2) were used. In model 1, mice with 100% (Cx43 fl/fl ) or 50% Cx43 expression (Cx43 Cre-ER(T)/fl ) 17, 18 were aged 18 to 21 months. A previous study 1 revealed that, at this age, interstitial fibrosis is highly increased. In model 2, 3-month-old mice of the same strain (Cx43 fl/fl and Cx43 Cre-ER(T)/fl ) underwent TAC (induced pressure overload) or sham surgery and were euthanized 16 weeks after surgery. Epicardial mapping was performed on Langendorff perfused hearts to assess impulse conduction and arrhythmia inducibility, and tissue was subsequently analyzed for Cx43 expression and fibrosis. Finally, fibroblast proliferation and activity were determined.
Our data showed that both physiological (aging) and pathophysiological (TAC) stress leads to more excessive fibrosis in mice with a 50% reduced expression of Cx43 (Cx43 Cre-ER(T)/fl mice) compared with controls (Cx43 fl/fl mice) and that this was related to an increased activity of fibroblasts. Together with a heterogeneous reduced expression of Cx43, this resulted in dispersed conduction and proarrhythmia.
Methods
An expanded Methods section is available in the online-only Data Supplement. Brief descriptions are presented.
Animals
The Cx43 fl/fl and Cx43 Cre-ER(T)/fl mice were generated as previously described. 16 For the experiments on aged animals, 18-to 21-month-old Cx43 fl/fl (nϭ11) and Cx43 Cre-ER(T)/fl (nϭ15) mice were used. No abnormalities in phenotype were found, and heart weight (HW)/body weight (BW) ratios, age, and sex distribution were similar in the 2 groups (online-only Supplement Table I) .
Three-month-old Cx43 fl/fl (nϭ11) and Cx43 Cre-ER(T)/fl (nϭ9) mice were TAC operated, as previously described. 19 A gradient of Ϸ50% was confirmed by Doppler echocardiography. Sham-operated Cx43 fl/fl (nϭ12) and Cx43 Cre-ER(T)/fl (nϭ10) mice were used as control. Animal experiments were performed in accordance with institutional guidelines for animal use in research.
Preparation of the Hearts and Ventricular Conduction
Mice were anesthetized by 2.5% isoflurane in oxygen. A 3-lead ECG was recorded and analyzed off-line, as previously described. 20 Afterward, the heart was excised, prepared, and connected to a Langendorff perfusion setup, as previously described. [21] [22] [23] Extracellular electrograms were recorded using a 208-point multiterminal electrode (16ϫ13 grid, 0.5-mm spacing) of both the left ventricle (LV) and right ventricle (RV) of the heart, as previously described. 21 Recordings were made during stimulation (1-ms pulse duration, 2ϫdiastolic stimulation threshold) from the center of the grid at a basic cycle length of 150 ms. The effective refractory period (ERP) was determined by premature stimulation, and arrhythmia inducibility was tested by 1 to 3 premature stimuli and burst pacing (the online-only Data Supplement provides detailed protocols).
Statistical Analysis
The moment of maximal negative dV/dt in the unipolar electrograms was selected as the time of local activation and determined with custom-written software based on MatLab (2006, The MathWorks Inc; Natrick, MA). 24 Conduction velocities parallel and perpendicular (CV T ) to fiber orientation were determined from activation maps generated from basic cycle length pacing. The anisotropic ratio was defined as CV L /CV T . Dispersion of conduction was assessed for both LV and RV using the method described by Lammers et al. 25 Two-group comparisons were performed using an unpaired t test, and multiple-group comparisons were performed using a 1-way ANOVA with Bonferroni post hoc analysis. Arrhythmia vulnerability was compared by a Fisher exact test. Values are given as meanϮSEM. PՅ0.05 was considered statistically significant. Data were analyzed using SPSS 15.0 (2006, SPSS Inc; Chicago, IL) software.
Immunohistochemical and Histological Data
After electrophysiological measurements, hearts were rapidly frozen in liquid nitrogen and stored at Ϫ80°C. The online-only Data Supplement provides data on sectioning and (immuno)labeling.
The amounts of fibrosis and Cx43, P1NP, and P3NP immunosignals were determined using at least 6 randomly chosen pictures of each heart at ϫ200 magnification. Blinded operators calculated Cx43, P1NP, and P3NP expression as percentage of the total tissue using Image J 1.40g (2008, National Institutes of Health; Bethesda, MD). Heterogeneity of Cx43 expression was determined using MatLab, as previously described. 19 
Western Blot Analysis
Total cellular protein was isolated from 3 hearts of each group, as previously described, 22 and pooled. Equal amounts of protein (25 g per lane) of each sample were separated on 10% SDS-polyacrylamide gels and transferred by electrophoresis to a nitrocellulose membrane (Biorad). The equality of protein transfer was assessed by Ponceau S staining. After first and second antibody incubation, immunoreactivity was detected using the enhanced chemiluminescence kit (Amersham). By using ImageQuant, we calculated the Cx43/Ponceau signal intensity ratio, which represents the actual Cx43 protein concentration of the different lanes.
Quantitative Polymerase Chain Reaction
Total RNA was isolated from frozen ventricular tissue using the Trizol procedure and subsequently treated with DNAse I, as previously described. 26 After cDNA synthesis, expression of mouse collagen type 1␣2 (COL1A2) was assessed by quantitative real-time polymerase chain reaction using TaqMan Gene Expression Assays with predesigned probe and primers (Applied Biosystems). The GAPDH was used as an internal reference.
Results

Aged Mice With Reduced Cx43 Expression
Most hearts of aged Cx43 Cre-ER(T)/fl mice were susceptible for monomorphic ventricular tachyarrhythmias (10 of 15 mice), in sharp contrast to aged Cx43 fl/fl mice, in which no arrhyth-mias were inducible (0 of 11 mice, PϽ0.01, Figure 1A ). Most arrhythmias were provoked in the RV (9 of 10), indicating a higher arrhythmia vulnerability of the RV. Figure 1A shows a typical example of a sustained monomorphic ventricular tachycardia (VT) in an RV induced after burst pacing. The activation map of this VT (right) shows anisotropic reentry: impulse propagation occurred around a zone of conduction block, with slow conduction perpendicular to the fiber direction toward the apex of the heart in a localized area (open arrow).
The QRS duration was comparable between aged Cx43 fl/fl and Cx43 Cre-ER(T)/fl mice (11.20Ϯ0.29 ms versus 11.24Ϯ0.18 ms; Table 1 ). Representative epicardial activation maps of (Table 1) . Concomitantly, the anisotropic ratio was significantly higher in RV of aged Cx43 Cre-ER(T)/fl mice.
Interestingly, CV T in RV was significantly slower in Cx43 Cre-ER(T)/fl mice with arrhythmias (VT ϩ ) compared with nonarrhythmogenic aged Cx43 Cre-ER(T)/fl mice (VT Ϫ ), which can be appreciated in Figure 1B . The ERP was decreased in both LV and RV of Cx43 Cre-ER(T)/fl mice but was not different between VT ϩ and VT Ϫ (Table 1) . Typically, activation maps of VT ϩ mice showed a higher heterogeneous activation pattern, with regions of local slow conduction. This was quantified as "dispersion of conduction index." 25 The dispersion index was higher in VT ϩ mice, compared with VT Ϫ mice, which was only significant in RV. Values in VT Ϫ mice were similar to Cx43 fl/fl mice ( Table 1) .
As Table 1 ) and Western blot (42% of Cx43 fl/fl , Figure 2B ). Cx43 expression levels were not different between VT ϩ and VT Ϫ (Figure 2A and 2B, Table 1 ).
The expression pattern of Cx43 was heterogeneous in Cx43 Cre-ER(T)/fl hearts. Regions of low Cx43 were found adjacent to regions of normal Cx43 expression ( Figure 2C , left), whereas the expression of N-cadherin remained homogeneous, indicating intact intercalated disks ( Figure 2C , right). Cx43 heterogeneity, a relative value indicating variation in local expression of Cx43 over the sections, was determined. Aged Cx43 Cre-ER(T)/fl hearts had significantly higher heterogeneity values than aged Cx43 fl/fl hearts. Heterogeneity in Cx43 expression was not different between VT ϩ and VT Ϫ ( Table 1) .
The presence of ventricular fibrosis was evaluated by histochemical analysis with picrosirius red staining. Agerelated interstitial fibrosis was present in aged Cx43 fl/fl hearts (Figure 2A) . Interestingly, the amount of fibrosis was significantly higher in aged Cx43 Cre-ER(T)/fl hearts compared with Cx43 fl/fl hearts ( Figure 2D , Table 1 ). Moreover, the percentage of fibrosis in Cx43 Cre-ER(T)/fl VT ϩ hearts was almost 2-fold higher than in the VT Ϫ group ( Figure 2D ), albeit statistically not significant (Pϭ0.10).
Pressure Overloaded Mice With Reduced Cx43
In the model of physiological aging, the presence of reduced Cx43 resulted in excessive information of fibrosis and arrhythmias, suggestive that enhanced collagen deposition is caused by reduced Cx43 expression under circumstances of cardiac stress. Therefore, Cx43 fl/fl and Cx43 Cre-ER(T)/fl mice were subjected to TAC or sham operation to quantify the effect of pathological stress and reduced Cx43 expression (in young animals) on the formation of fibrosis.
Sustained polymorphic ventricular tachyarrhythmias were induced in 2 (18%) of 11 TAC-operated Cx43 fl/fl hearts and 3 (33%) of 9 TAC-operated Cx43 Cre-ER(T)/fl hearts (Figure 3 , NS). No arrhythmias were induced in sham-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts. An example of a sustained polymorphic VT is shown in Figure 3 . All electrophysiological characteristics are summarized in Table 2 .
Typical examples of Cx43-and N-cadherin-immunolabeled sections of sham-or TAC-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts are shown in Figure 4A . As expected, Cx43 expression was significantly lower (Ϸ50%) in shamoperated Cx43 Cre-ER(T)/fl hearts compared with sham-operated Cx43 fl/fl hearts. The TAC operation did not affect Cx43 expression in Cx43 fl/fl hearts but significantly decreased Cx43 expression in Cx43 Cre-ER(T)/fl hearts (Table 2) , which was confirmed by using Western blot analysis ( Figure 4B ).
Hearts of sham-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl mice displayed only low amounts of interstitial fibrosis ( Figure 4A and 4C). Pressure overload by TAC surgery resulted in a significant increase in fibrosis in Cx43 fl/fl hearts ( Figure 4C ). However, in TAC-operated Cx43 Cre-ER(T)/fl hearts, a significantly higher amount of fibrosis was detected ( Figure 4A and 4C), indicating that pressure overload in the background of reduced Cx43 leads to enhanced fibrosis.
Fibroblast Proliferation and Activity
Both aged and TAC-operated Cx43 Cre-ER(T)/fl hearts showed more pronounced fibrosis compared with aged and TACoperated Cx43 fl/fl hearts. Enhanced fibrosis is due to enhanced collagen deposition, which may be caused by enhanced fibroblast proliferation, enhanced fibroblast activity, or both. There- fore, we analyzed fibroblast proliferation and activity of TAC-and sham-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts. Discoidin domain receptor 2 (DDR2) expression, specifically present at the cell membrane of fibroblasts in cardiac tissue, was evaluated by using Western blot analysis. Figure 5A shows that DDR2 expression was equal between Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts and that the TAC operation did not change DDR2 expression, suggesting that the number of fibroblasts remained unchanged. Subsequently, the activity of fibroblasts was determined by expression of the procollagen peptide P1NP. Figure 5B shows low P1NP expression in sham-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts. The TAC operation did not statistically alter P1NP expression in Cx43 fl/fl hearts, although the expression tended to be somewhat more intense. However, P1NP expression was significantly increased in Cx43 Cre-ER(T)/fl hearts after TAC surgery when compared with sham-operated hearts ( Table 2) . Comparable results were obtained for P3NP, another procollagen peptide ( Figure 5C , Table 2 ).
Finally, we performed a quantitaive polymerase chain reaction on COL1A2, the gene encoding for the ␣-2 chain of collagen type 1. Figure 5D shows that COL1A2 mRNA levels were comparable between sham-operated Cx43 fl/fl and Cx43 Cre-ER(T)/fl hearts. However, the TAC operation significantly increased COL1A2 mRNA levels in Cx43 Cre-ER(T)/fl hearts.
Discussion
The main and novel finding of this study is that reduced expression of Cx43 leads to more excessive fibrosis during both physiological (aging) and pathophysiological (TAC) stress in mice because of increased activity of fibroblasts. Furthermore, heterogeneously reduced Cx43 expression, in concert with enhanced fibrosis, leads to an arrhythmogenic substrate as the result of dispersed conduction.
Fibroblast Proliferation and Activity
The increased collagen deposition during aging or after pressure overload is in agreement with previous results. 15 Interestingly, we showed that this increase in fibrosis is more prominent in Cx43 Cre-ER(T)/fl compared with Cx43 fl/fl hearts. As a possible mechanism for the enhanced fibrosis in stressed hearts with reduced Cx43 levels, we hypothesized that reduced Cx43 levels may alter cardiomyocyte/fibroblast and fibroblast/fibroblast communication, leading to increased fibroblast proliferation and/or activity. Previously, Zhang et al 14 showed that, in cultures of isolated adult murine ventricular fibroblasts, proliferation of fibroblasts was increased on decreasing levels of Cx43 expression. By using DDR2 as a selective marker for fibroblasts in the heart, 28 our data showed that DDR2 expression was similar between Cx43 Cre-ER(T)/fl and Cx43 fl/fl hearts and that TAC surgery did not affect DDR2 levels, suggesting that the number of fibroblasts was equal among the groups. Apparently, the effect of decreased Cx43 expression on fibroblast proliferation in vivo differs from in vitro studies, possibly because of the presence of cardiomyocytes and/or contact inhibition.
To determine the activity of fibroblasts, we first measured expression of P1NP and P3NP, the propeptides of procollagen types I and III, respectively. The data showed a significant increase in P1NP and P3NP expression after the TAC operation, specifically in Cx43 Cre-ER(T)/fl hearts. Furthermore, the COL1A2 mRNA level, encoding for the pro-␣2 chain of procollagen type I, was significantly increased in Cx43 Cre-ER(T)/fl hearts after TAC operation. These data indicate that an increased fibroblast activity, rather than an increased proliferation, accounts for the enhanced fibrosis in challenged Cx43 Cre-ER(T)/fl hearts. Future research is required to unravel the exact mechanism by which reduced Cx43 levels can activate fibroblasts. A possible explanation could be found in a recent in vitro study by Bowers et al, 29 showing that communication via Cx43 channels between cardiomyocytes and fibroblasts significantly influences cytokine production.
Although our data suggest that fibroblast activity (increased expression of procollagen), rather than proliferation (unchanged DDR2 levels), is related to the measured increase in fibrosis, we cannot exclude an altered proliferation of fibroblasts. More fibroblasts with less DDR2 per cell could still result in equal DDR2 levels and unchanged activity, but more fibroblasts could still produce the measured increase in procollagen. These data also do not answer the question of what triggers the increased deposition of collagen. This could equally well rely on a reduced gap junction coupling between fibroblasts, rather than a modified coupling between cardiomyocytes and fibroblasts.
Decreased Cx43 Expression Leads to Enhanced Fibrosis and Arrhythmias
Arrhythmogenic remodeled hearts are commonly hallmarked by a combined decrease in Cx43 and increase in collagen deposition. [3] [4] [5] [6] [7] [8] It is not clear, however, whether Cx43 expression and fibrosis are related and, if so, whether decreased Cx43 expression precedes the formation of fibrosis or is the resultant of fibrosis. In a previous study, we aged mice to 15 months. These mice had slightly increased levels of fibrosis, with normal levels of Cx43. 15 The resultant was an electri- cally stable heart with moderate conduction slowing. However, when we aged mice further (ie, to 22 months), 1 reduced Cx43 expression and further enhanced fibrosis were found, leading to moderate conduction slowing, with a high incidence of arrhythmias. In the current study, genetically induced reduction of Cx43 resulted in strong enhancement of fibrosis after aging or aortic stenosis. These observations strongly suggest that reduced levels of Cx43 trigger enhanced fibrosis, not vice versa. This viewpoint is further supported by the finding that our aged 22-month-old Cx43 fl/fl control mice have lower levels of Cx43 compared with 5-month-old Cx43 fl/fl mice, resulting in increased levels of fibrosis in the aged mice (data not shown). Also, researchers have shown that long-term inhibition of the renin-angiotensin-aldosterone system of aging mice, 2 cardiomyopathic hamsters, 30 and TAC mice 31 prevents gap junction remodeling and leads to reduced levels of fibrosis. The general mechanistic view is that enhanced interstitial fibrosis leads to separation of the myocardial fibers with subsequent reduction of gap junction plaques. However, Qu and coworkers showed that treatment of TAC mice with the aldosterone antagonist, spironolactone, after gap junction remodeling and the formation of fibrosis resulted in reversal of gap junction expression, but not reversal of fibrosis. Furthermore, CV and gap junction expression levels were normalized. Two important conclusions regarding our current study can be drawn: (1) Gap junction remodeling precedes the process of collagen remod-eling and, in the case of reversal, gap junction remodeling precedes the reduction of fibrosis. (2) Both reduced Cx43 expression and increased fibrosis are needed for conduction slowing.
A strong argument supporting the first conclusion is found in arrhythmogenic right ventricular dysplasia/cardiomyopathy. The overt state of this disease is hallmarked by reduced Cx43 expression and prominent fibrosis, leading to arrhythmias. However, the temporal evolution of the disease in the concealed phase clearly starts with reduced expression of Cx43, resulting from reduced desmosomal integrity, clearly before the formation of fibrosis. 12, 13 The results of this study imply that, potentially also in ARVD/C, reduced expression of Cx43 triggers enhanced expression of collagen by the fibroblasts and, thereby, furthers the course of ARVD/C. Then, the combination of reduced Cx43 together with enhanced fibrosis will lead to the formation of the arrhythmogenic substrate (conclusion 2).
Several important remarks and considerations regarding these conclusions should be made. First, although our general viewpoint is that reduced Cx43 expression enhances the formation of fibrosis, the finding that Cx43 expression is further reduced in TAC-operated Cx43 Cre-ER(T)/fl hearts, but not in TAC-operated Cx43 fl/fl hearts, indicates a reversed effect of excessive levels of fibrosis on the expression of Cx43. A plausible explanation for this finding, which requires further investigation, might be that thick strains of collagen Second, there was a difference with previous studies using similar mice with a genetically induced 50% reduction in Cx43 expression 16 or a combined 50% reduction in Cx43 and Nav1. 5, 32 in which impulse conduction was not (or hardly) disturbed. Interestingly, fibrosis was not found in these mice. In our study, aged and TAC-operated Cx43 Cre-ER(T)/fl mice showed more fibrosis in the background of (physiological or pathological) stress only, in contrast to the previous studies (young animals, without stress). This strongly suggests that stress is a prerequisite for the excessive formation of fibrosis in Cx43 Cre-ER(T)/fl mice. The lack of fibrosis in previous studies using heterozygous Cx43 mice probably accounts for the preserved conduction in these mice.
Another point that requires further attention is the actual contribution of a 50% reduction in Cx43 expression on the arrhythmogenesis in aged Cx43 Cre-ER(T)/fl hearts. An enormous redundancy in Cx43 expression can be appreciated from a previous study, in which mice with a 50% reduction in Cx43 expression showed a preserved impulse conduction, and a further reduction of Cx43 expression to Ϸ5% was required to affect conduction significantly. 16 In the present study, we show that, in stressed Cx43 Cre-ER(T)/fl mice, a moderate reduction in Cx43, in concert with enhanced fibrosis, significantly impairs conduction and increases arrhythmia vulnerability. However, from our data, we cannot determine whether the increase in fibrosis, combined with the reduced expression of Cx43, or the excessive formation of fibrosis on its own, as the result of a promoting effect of the reduced Cx43 expression on collagen deposition, forms the arrhythmogenic substrate.
The final remark is that our data do not exclude a possible role for other, unidentified changes in protein expression that might influence the susceptibility for arrhythmias. Potentially, the Cre-ER(T) system could directly alter protein expression, although secondary effects on conduction determinants of this inducible knockout system have, to our knowledge, not been described. On the other hand, previous studies with neonatal cardiomyocytes have suggested that changes in Cx43 expression can influence expression of other connexins 33 and sodium current density. 34 Although the indirect effects of a reduction in Cx43 may differ between neonatal and adult cardiomyocytes, possible changes in the expression of other conduction determinants could contribute to the arrhythmogenic phenotype of aged and TAC-operated Cx43 Cre-ER(T)/fl mice. 
Arrhythmogeneity
Aged Mice
In aged mice, ventricular tachycardias could only be induced in Cx43 Cre-ER(T)/fl hearts. Tachycardias were monomorphic and based on anisotropic reentry. Several factors may be in favor of the high incidence of the reentry-based arrhythmias in the aged Cx43 Cre-ER(T)/fl hearts: a heterogeneously reduced Cx43 expression with increased fibrosis, resulting in slower transverse conduction preferentially in RV; increased dispersed conduction; and a decreased ERP. This decreased ERP is in agreement with a previous study using senescent mice with enhanced fibrosis, 1 which may be explained by a current-to-load mismatch due to uncoupling, supporting conduction at shorter coupling intervals, albeit at lower velocities.
TAC-Operated Mice
In TAC-operated mice, induced ventricular tachycardias were always polymorphic. The mechanism of the arrhythmias is not completely clear, but previous studies suggest that they are based on triggered activity. 19 Increased ERP, indicative of prolonged action potential durations, and reduced cell-to-cell coupling are in favor of triggered activity. An increased ERP after TAC operation is in agreement with previous studies, and has been attributed to increased action potential duration because of a reduction in repolarizing potassium currents. 19, 35 Although a slowed and dispersed conduction, as the result of fibrosis and/or a heterogeneous reduction of Cx43, considerably increases the susceptibility for monomorphic ventricular tachycardias, based on anisotropic reentry, it hardly affects the vulnerability to triggered activity. 36 This may explain why arrhythmia vulnerability was comparable between TACoperated Cx43 Cre-ER(T)/fl and Cx43 fl/fl hearts.
Clinical Relevance
This study shows that reduced levels of Cx43 promote the formation of fibrosis in stressed hearts. In several cardiac diseases, such as ARVD/C, gap junctional remodeling is already found in early stages, whereas fibrosis becomes more abundant during progression of the disease. Our data suggest that early normalization of Cx43 expression might, in part, prevent fibrosis formation, reducing the susceptibility to fatal arrhythmias.
Study Limitations
This study shows, in 2 different models, that, in the presence of stress, reduced levels of Cx43 result in more excessive fibrosis. Although our data suggest that an increased activity of fibroblasts underlies the enhanced fibrosis, technical limitations prevented us from unraveling the exact mechanism by which reduced Cx43 levels promote fibrosis. In addition, we have not determined whether the reduction of Cx43 in the cardiomyocytes is the actual cause for the observed phenotype or whether reduced Cx43 expression in the fibroblasts plays a major role. To unravel this issue, a mouse model with a cardiomyocyte-specific downregulation of Cx43 should be examined. Thorough analysis of the complete pathway of increased collagen deposition in both models may provide relevant insight in the formation of fibrosis in several cardiac disorders.
